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The thermal characterization of block copolyesters and block copolyamides 
and the solution viscosity of block copolyamides containing Kevlar blocks are 
discussed. 
The thermal analysis techniques differential scanning calorimetry (DSC) and 
thermogravimetry were employed to obtain the glass transition temperature (T ), 
O 
melting temperature (Tm), and the decomposition temperature (T^) of the 
following polymers and block copolymers: poly[oxy(2-methyI-l,3-phenylene)oxy- 
terephthaloyl], poly [ oxy(2-methyl-l,3-phenylene)oxyisophthaloyl ], poly [oxy- 
(cis,trans)-l,4-cyclohexyleneoxycarbonyl-trans-l,4-cyclohexylenecarbonyl] , 
poly [ oxy(cis,trans)-l,4-cyclohexyleneoxycarbonyl-trans-l,4-cyclohexyIenecarbonyl- 
b-oxy(2-methyl-l,3-phenylene)oxyterephthaloyl ], poly [oxy(2-methyl-l,3-pheny- 
iene)oxyisophthaloyl-b-oxy(2-methyl-l,3-phenylene)oxyterephthaloyl ], poly[ imi- 
no(2-methyl-l,3-phenylene)iminoterephthaloyl] , poly[ imino-trans-l,4-cyclohexy- 
leneiminocarbonyl-(cis,trans)-l,4-cyclohexylenecarbonyl ], poly(imino-trans-l,2- 
cyclohexyleneiminocarbonyl-trans-l,4-cyclohexylenecarbonyl), poly(imino-trans- 
l,4-cyclohexyleneiminocarbonyl-trans-l,4-cyclohexylenecarbonyl-b-imino-l,4- 
phenyleneiminoterephthaloyl), poly [imino-trans-l,4-cyclohexyleneiminocarbonyl- 
trans-l,if-cyclohexylenecarbonyl-b-imino(2-methyl-l,3-phenylene) iminoterephth- 
aloyl ], poly [ imino-trans-l,4-cyclohexyleneiminocarbonyl-(cis,trans)-l,4-cyclohexy- 
lenecarbonyl -b-imino(2-methyl-l ,3-phenylene)iminoterephthaloyl ], poly [ imino- 
trans-l,2-cyclohexyleneiminocarbonyl-trans-l,4-cyclohexylenecarbonyl-b-imino-l,4- 
phenyJeneiminoterephthaloyl] and poly [imino(2-methyl-l,3-phenylene)iminotere- 
phthaloyl-b-imino-l,4-phenyleneiminoterephthaloyl]. 
Using the intrinsic viscosities of solutions of poly(imino-l,4-phenylene- 
iminoterephthaloyl) and the published values of K and a in the Mark-Houwink 
equation, molecular weights were calculated for several samples. 
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INTRODUCTION 
Many different techniques are used for the characterization of polymers. 
These techniques include: NMR spectroscopy, IR spectroscopy, thermal 
analysis, viscometry, molecular weight determinations by gel permeation 
chromatography, light scattering, osmometry and ultracentrifugation, X-ray 
crystallography, and scanning electron microscopy. 
In this thesis, the techniques of thermal analysis and viscometry will be 
highlighted. Other methods of characterization such as NMR spectroscopy, 
13 12 C NMR spectroscopy, IR spectroscopy and results may be found elsewhere. ’ 
Block copolymers consist of two or more monomeric moieties that are 
3 
present as repeating units in the chain. They are macromolecules which are 
comprised of chemically dissimilar, terminally connected homopolymers or 
prepolymers. 
Lf. 
Carothers was the first to demonstrate that polymeric amides were 
formed by reaction of diamines and diacids. These polyamides may be spun into 
fibers and DuPont was the first to call the aliphatic polyamide fibers "nylon". 
The extended-chain polyamides and their solutions are fascinating and exciting 
areas for basic research. These polyamides exhibit exceptionally high tensile 
strengths and moduli.^ S. L. Kwolek was the first to identify extended chain 
polyamides which were liquid crystalline. Typical examples of such structures 
are poly(l,4-benzamide)^ and poly(l,4-phenylene terephthalamide)^ (Kelvar). 
Poly(l,4-benzamide) forms liquid crystalline solutions because of an inherently 
1 
2 
extended chain structure produced by a combination of a para-linked benzene 
and partial double bond character in the predominantly trans amide linkage. 
Table 1 shows polyamides which yield liquid crystalline solutions and their 
g 
inherent viscosity values. 
Polyesters are mostly synthesized by solution polycondensation. Several 
research teams have reported the preparation of liquid crystal polyesters and 
copolyesters which form nematic mesophases in the melt. Jackson and 
9 
Kuhfuss have prepared liquid crystal copolyesters by the acidolysis of 
po!y(ethylene terephthalate) with p-hydroxybenzoic acid (PHBA). Several 
aromatic copolyesters of PHBA and bisphenol terephthalate (BPT) have been 
reported to form liquid crystalline melts.^ Today, interest in the aromatic 
copolyesters is very high, as evidenced by the patents issued to DuPont, 
11-13 
Celanese and Tennessee Eastman on this class of materials. Figure 1 shows 
14 structures which these organizations have chosen to investigate. 
A major goal of the polymer research which is now being conducted in our 
laboratory has been to prepare and characterize liquid crystalline block 
copolymers. Liquid crystal polymers have attracted particular interest for the 
last decade because of their unusually high levels of strength and modulus. 
There are numerous literature reports on their industrial and commercial 
utilities. Included among these uses are:*''5 (1) fibers which have high specific 
strength and modulus (They have a lower specific gravity when compared to 
that of glass, carbon and steel. This is important where weight savings are 
critical.); (2) fibrils which replace carcinogenic materials such as asbestos in 
gasket and break linings; (3) Kevlar 29 which is used in armour garments as well 
as in flame resistant garments where high dimensional stability in fire is 
required, and (4) the cholesterics, permanently colored films that change color 
3 
Table 1. Polyamides Which Yield Liquid Crystalline Solutions. 
n,nh(dI-/g> Polymerization 
Composition H2SO^ System 
Poly ( 1,4-benzamide ) 2.0 Amide solvent 
Poly (p-phenylene terephthalamide ) 2.5 Amide solvent 
Poly(chloro-p-phenylene 2,6- 
naphthalenedicarboxamide) 1.8 Amide solvent 
Poly (p-phenylene 2,5-pyridine- 
dicarboxarnide) 2.6 Amide solvent 
Poly (p-phenylene fumaramide) 1.3 Amide solvent 
Poly (p-phenylene muconamide) 1.3 Amide solvent 
Poly(trans-l ,4-cyclohexylene 
chloroterephthalamide ) 1.4 Interfacial 
Poly ( trans-1,4-cyclohexylene- 
trans-1,4-cyclohexanedicarboxamide ) 1.1 Interfacial 
Poly ( 4,4'-azodiphenylene -4,4'- 
azoxybenzenedicarboxamide) 2.1 Amide solvent 
Poly (p-phenylene 4,4'-stilbene- 
dicarboxamide ) 1.4 Amide solvent 
TENNESSEE EASTMAN 
Fig. 1. Chemical nature of thermotropic copolyesters. 
5 
on heating. 
The liquid crystalline state is one in which some of the molecular order 
characteristic of the solid phase is retained in the liquid state because of the 
molecular structure and short range intermolecuiar interactions of the van der 
Waal type. Matter is generally thought of as exising in three states of aggre¬ 
gation or phases; that is, as solids, liquids, or gases. The liquid crystalline state, 
however, has been described as a fourth state of matter. It exists between the 
boundaries of the solid phase and the conventional isotropic phase as illustrated 
in Fig. 2.*"* Some compounds with liquid crystalline characteristics are shown in 
Fig. 3. 





Fig. 2. The position of liquid crystalline state. 
Liquid crystal forming solids are known as mesogens and the phenomenon 
of exhibiting the liquid crystalline state is known as mesomorphism or aniso- 
tropism. Flory's theory*'* predicts that mesogenic polymers may be classified 
into two major groups: (1) thermotropics are rodlike molecules which have 
an axial ratio less than 6.4. They are capable of undergoing a transition in 
the melt to the nematic liquid state and (2) lyotropics which dissolve in a 
suitable solvent to form liquid crystalline solutions and have an axial 
ratio greater than 6.4. Figure 4 illustrates the two different 




















Fift. 3. Compounds with liquid crystalline characteristics. 
7 
possible transition possible 
Tn  »I but 
liquid crystal state can 
be obtained in solution 
Fig. 4.The relationship of axial ratio of molecules to thermotropic melts and to 
lyotropic solutions. 
8 
classes of the mesogenic materials. In addition to the broad categories of 
thermotropic and lyotropic liquid crystals, three distinct structural classes are 
recognized.^ 
Nematic Mesophases. In the nematic mesophase, the long molecular axes 
of the molecules lie essentially parallel to one another producing a highly 
biréfringent material. Birefringence is a phenomenon whereby a beam of 
incident unpolarized light is split into two components whose transverse 
vibrations lie at right angles and thus emerge as parallel beams of polarized 
light. Thermal agitation produces disalignment which increases until the 
isotropic state is reached. Important in the formation of the nematic structure 
are the short range intermolecular interactions of the van der Waal type. 
Cholestric Mesophase. The name cholesteric was originally used because 
many of the compounds which display this type of mesomorphism are 
derivatives of cholesterol. Cholesterol itself is not mesomorphic. Most 
investigators consider cholesteric liquid crystals to be a special case of the 
nematic liquid crystal which has a chiral center that produces helical 
aggregates of molecules. The two methods of producing cholesteric 
macromolecules are the introduction of a chiral center as part of a nematic 
molecule or the addition of small amounts of optically active substances to 
nematics. Light is diffracted by the helical layers, giving rise to a spectrum of 
irridescent colors. 
Smectic Mesophase. The smectic mesophase shows the parallel order of 
the nematics; but in constrast to nematics, it has stratified structures in which 
9 
the parallel rodlike molecules exist in layers. The interlayer attractions are 
weak compared to the lateral forces between the molecules and the layers are 
able to slide over one another with relative ease. Figure 5 shows the 
morphology.^ 
Thermal Characterization 
The introduction of modern thermal analytical instruments into the 
laboratory market has taken thermal analysis from a technique known to only a 
small number of mineralogists using home made equipment to a highly 
sophisticated analytical method used routinely both in research and 
18 
production. The five thermal analytical technqiues in greatest use today are: 
(1) differential scanning calorimetry (DSC); (2) thermogravimetric analysis 
(TGA); (3) differential thermal analysis (DTA); (4) thermomechanical analysis 
(TMA), and (5) thermometric titration. The instruments for thermal analysis in 
this work consisted of the DuPont 990 thermal analyzer with module 
attachments for DSC/DTA and TGA. 
The DSC technique measures the amount of energy absorption or evolution 
as a result of physicochemical changes of a sample at a programmed tem¬ 
perature rate. The DSC equipment measures the heat flow by maintaining a 
thermal balance between reference and sample by changing a current passing 
through the heaters under two chambers. For instance, the heating of a sample 
and reference proceeds at a predetermined rate until heat is emitted or 
consumed by the samples. If an endothermic occurrence takes place, the 
temperature of the sample will be less than that of the reference. The circuitry 
is programmed to give a constant temperature for both the reference and the 
I 0 
Ordinary namallc structure Isotropic structure (unordered, 
nonliquid crystalline) 
m mu mi sum 1 
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Smectic C structure 
Fig- 5. Three distinct structural classes of liquid crystals. 
11 
sample compartments. The DTA records the difference in heat flow between 
the sample and inert reference versus either time or temperature. The 
distinctions between DSC and DTA are becoming less clear with the advent of 
new instrumentation which uses components of both DSC and DTA. Differential 
scanning calorimetry is used by virtually every industry in applications ranging 
from quality control and material characterizations to research and 
development. A typical application is found in the packing industry where the 
DSC scan shows the melting behavior of a blend and the percent crystallinity of 
polymer components. The multiple applications of DSC/DTA are shown in Fig. 
6. The advantages of DSC/DTA over a good adiabatic calorimeter include 
speed, low cost and the ability to use small samples. The sample size can range 
from 0.5 mg to 10 mg. Endothermic transitions are represented on the 
thermogram as upscale departures from the ordinate baseline. The exothermic 
transitions result in downscale departures from the baseline. Ordinate 
calibration is in millicalories per second. The conventions of the representation 
of thermal analysis data are shown in Fig. 7. 
Thermogravimetric analysis provides the analyst with a quantitative 
19 measurement of weight changes associated with transitions. TGA is an 
established technique of recording sample weight as a function of temperature. 
It is a valuable tool in its own right and most useful when it compliments DTA 
studies. The main use of the TGA technique has been to study the thermal 
decomposition and stability of polymers. 
DSC was used in the determination of T and T . For the confirmation of 
g m 
T and T ,, TGA was used, 
m d 
12 















Fig. 7. Conventions for presentation of thermal analysis data. 
14 
The glass transition temperature of a polymer is normally reported at a 
single temperature. This is the temperature above which it is rubbery or 
20 leathery and below which it is glassy. But, it is acknowledged that the T 
ë 
21 
occurs over a temperature range rather than at a single temperature. As 
such, the most valuable representation of T is the midpoint of the range of the 
S 
transition temperature. At low temperatures, chains of atoms undergo low 
amplitude vibratory motion around a fixed position. When the temperature is 
increased, both the amplitude and the cooperative nature of the vibrations 
among neighboring atoms increase. At a defined narrow range of transition 
temperature segmental motion becomes possible and above the temperature 
range the polymer becomes rubbery while below it the polymer is glassy. This 
narrow range represents the glass transition of a polymer. 
The glass transition is a widely accepted parameter as a predominant 
factor in determining the physical properties of a polymer or copolymer. In the 
glassy region the polymer is rigid, brittle and easily fractured. In the rubbery or 
viscoelastic state the polymer is tough, flexible and readily deformable. At the 
T certain physical properties change, e.g. coefficient of thermal expansion, 
ë 
specific volume, dynamic modulus of elasticity, and heat capacity, as the 
sample is cooled or heated through the region. As the polymer is heated, it 
undergoes a transition similar to a classical thermodynamic second order 
transition. A second order transition involves a discontinuous change in a 
secondary thermodynamic quantity such as the coefficient of thermal expansion 
or heat capacity. The T^ has been identified as a second order thermodynamic 
transition because of its discontinuity in the heat capacity or coefficient of 
15 
thermal expansion. The cooling of a polymer through the glass transition region 
is equivalent to solidification of liquid to a glass. It is not a phase transition 
such as melting, vaporization or sublimation. 
Factors affecting T include (1) chain flexibility, (2) degree of 
O 
crystallinity, (3) tacticity, (4) molecular weight and structure, (5) branching, (6) 
polarity, (7) solvent plasticizer effects and (8) copolymerization. Chain 
flexibility is determined by the ease with which rotation occurs about primary 
valence bonds. Rigid backbones and bulky side groups decrease the flexibility of 
the chain and thus T is increased. Cis and trans isomerization influences T 
g 
because of the differences in the freedom of rotation of chain atoms on either 
side of the bond. For linear polymers T is an increasing function of the 
g 
molecular weight until it reaches a certain maximum value. T is lowered by 
g 
branching as well as by solvent plasticization which increase the free volume. 
The effect of copolymerization on T depends on the class of copolymers. 
g 
Copolymerization has resulted in the grouping of polymers into several 
22 main types. In block copolymers, the backbone consists of alternating long 
sequences of two chemically different polymers. In graft copolymers, one 
polymer chain is attached to the backbone of a different type of chemical 
chain. Random copolymers consist of more or less random alternating units 
along the polymer chain. Random copolymers exhibit a single transition 
temperature which is the average of the T s of the components. Due to the 
g 
presence of interblock bonding which prevents the blocks from separating, block 
copolymers usually exhibit two morphological phases. As such the thermogram 
16 
shows T s which are characterisitic of both components. The T s are 
ë ë 
characteristic of the components plus some new properties due to the 
copolymer morphology. 
The changes which occur during melting are characteristic of a first order 
thermodynamic transition. The Tm is the transition temperature between the 
solid and liquid state. It is shown as an endotherm on the DSC thermogram. 
Factors stated above governing T^ also govern Tm* 
Viscometry 
Viscometry is used for the characterization of polymers in terms of 
23 molecular weight. It gives only a relative measure of a polymer's molecular 
weight and not absolute molecular weight values. The solubility of the polymer 
is the key factor in the viscometric measurements. Viscometry is a very simple 
method which involves determining the flow rates of a polymer solution and the 
reference solvent in a standard capillary viscometer. It is necessary to ensure 
that the solvent does not flow for less than 100 sec and, preferably, not more 
24 
than 200 sec for adequate results. The ubiquitous nature of this technique is 
ascribed to the economy and the ease with which viscosity values are calculated 
from the flow rate. 
The viscosity of a fluid is the property of that material by virtue of which 
25 it resists shearing forces. A quantitative basis for viscosity was provided by 
Einstein in 1920.^ Relative viscosity (nre|) is defined as the ratio of the flow 
times of a polymer solution and the pure solvent in the same viscometer and at 
the same temperature. The solvent and dilute solution have essentially 
negligible differences in density and pressure drop. Hence the relative viscosity 






where t, h and tQ, h are the flow time and viscosities for solution and solvent 
respectively. The specific viscosity (h ) is defined as follows: 
n sp t o 
n - n0 
^o 
(2) 
Relative and specific viscosities are dimensionless quantities. When specific 
viscosity is divided by concentration, one obtains the reduced specific viscosity. 
Its value is used for calculating the inherent or intrinsic viscosity of a polymer. 
The inherent viscosity is expressed as the natural logarithm of the relative 
viscosity divided by concentration. 
ninh 
(3) 
Although inherent viscosity is not directly related to the degree of polymeriza¬ 
tion, high values of inherent viscosity are indicative of high molecular weight 
polymer. 
18 
Intrinsic viscosity is obtained by plotting the inherent viscosity 
or the reduced specific viscosity versus concentration and extra¬ 
polating to zero concentration. The viscosity number intercept at zero 
concentration gives the intrinsic viscosity value. The intrinsic viscosity is ex¬ 
pressed as follows: 
[n] = Limit ninh W 
c o 
The traditional unit of viscosity is poise, which has the dimensions of dyne sec 
2 -1 23 
cm or gram cm sec • Intrinsic and inherent viscosities are expressed in 
dL/g. The commonly used viscometric terms are shown in Table 2. 
The relationship between the intrinsic viscosity and molecular weight can 
be described adequately over the molecular range of interest by the Mark- 
Houwink equation:^ 
[n] = KMa (5) 
In the Mark-Houwink equation, K is the proportionality constant which is 
characteristic of polymer and solvent; and a is the exponential which is a 
function of the shape of the polymer coil in solution. M is the weight average 
molecular weight of polymer. Equation (5) can be written in its logarithmic 
form as: 
19 







Used Viscometry Terms. 
Recommended Name 
(IUPAC) Definition Symbol 


















lim(lnrirel/c) c+o LVN 
20 
Log[n] = Log K + a Log M (6) 
This predicts a linear relationship between Log [o] and Log M with a slope of 
a and intercept Log K. 
Our intention was to study the thermal and solution properties of a 
number of block copolyesters and block copolyamides synthesized in our 
laboratory in order to establish the corresponding relative thermal properties 
and molecular weights and to ferret out any liquid crystalline properties. 
EXPERIMENTAL 
A DuPont 990 Thermal Analyzer with modules for DSC and TGA was used 
for all measurements. 
Differential Scanning Calorimeter (DSC). The DuPont 910 DSC calori¬ 
meter was used for all calorimetric determinations. The operational 
temperature range is -180 to 725 °C. A schematic representation of the DSC 
control loops is shown in Fig. 8. 
The sample and reference are each provided with individual heaters. This 
makes it possible to use a null balance principle. One loop is for average tem¬ 
perature control, so that the temperature of sample and reference may be 
increased at a predetermined rate, which is recorded. The second loop ensures 
that if a temperature difference develops between sample and reference (as a 
result of an exothermic or endothermic transition in the sample), the power 
input is adjusted to remove this difference. This is the null-balance principle. 
The temperature of the sample holder is always kept the same as that of the 
reference holder by continous and automatic adjustment of the heater power. 
The instrument reference and sample chambers were purged continously 
by nitrogen gas during scanning. 
High purity metals with known enthalpies of fusion were used as calibra¬ 
tion standards. For this instrument, the temperature was calibrated with 
indium. Data were recorded on corrected DuPont TA chart paper. Most of the 
measurements were made at a scanning rate of 10-20 °min-^ at sensitivités of 
5-20 mV cm'^. 
21 
22 
Fig. 8. Schematic representation of DSC control loops. 
23 
Samples for our work were synthesized by the synthetic group in the 
polymer research center of the Chemistry Department, Atlanta University. 
Between five and ten mg samples were weighed in aluminum pans on a 
microbalance. The samples were encapsulated with aluminum pans to ensure 
adequate thermal contact. Empty aluminum pans were used as references. 
The Themogravimetric System. The DuPont 951 thermogravimetric 
analyzer TGA is a plug-in module for the DuPont 990 thermal analyzer. In this 
951 module, the transducer is a photosensitive null detector which is stationed 
at one end of the balance. This transducer is made of a pair of photo-sensitive 
diodes which themselves are connected in series opposition. The pivot point of 
the balance is a taut-band torque motor. The other arm of the balance is a 
quartz rod from which a sample boat is suspended within a quartz glass 
envelope. The sample thermocouple is positioned inside the sample pan close to 
the sample. The temperature range is ambient to 1200 °C. 
Sample sizes that can be used in the DuPont 951 TGA unit range from 1 to 
300 mg. Samples were weighed and suspended directly on a quartz beam 
balance at the beginning of the experiment. Changes in the sample weight 
while heating proceeds cause the balance to rotate. There is a resultant emf 
which is amplified and the recorder registers the signals characteristic of any 
chemical or physical changes. 
Data were recorded on corrected DuPont TGA chart paper. 
Dilute Solution Viscosity Studies. Carefully weighed samples of 0.125 g of 
polymer that had been dried at a temperature of at least 80 °C in vacuo were 
24 
polymer that had been dried at a temperature of at least 80 °C in vacuo were 
prepared. The weighed polymer was introduced into a 50 ml flask and stoppered 
with a rubber septum. Approximately 25 mi of 98% sulfuric acid was added to a 
volumetric flask and transferred to the flask containing the polymer. The 
mixture was stirred at a high speed with a miniature magnetic stirring bar at 
ambient temperature until the polymer dissolved (5 min - 2 hr). 
A 10 ml aliquot of the solution was transferred into a number 200 Ostwald 
viscometer immersed in a constant temperature bath at 30 °C. The mixture 
was allowed to equilibrate for about 10-15 min. A vacuum pump was used to 
draw up the solution to the first bulb, about 1 cm above the mark between the 
bulbs. The apparatus was thoroughly examined to make sure that there were no 
trapped air bubbles. The solution was allowed to flow freely and the time 
required for the miniscus to pass from the upper to the lower mark was 
recorded in sec. After the solution was diluted by addition of 2 mi sulfuric acid 
and allowed to equilibrate for about 10-15 min, the process was repeated. The 
dilution was carried out six consecutive times. 
The inherent viscosity (n . ^) and intrinsic viscosity [hi were 
determined using previously discussed methods. From the Mark-Houwink 
equation, the average molecular weights of the various samples were 
calculated. Results are reported in Table 3. 
Table 3. Viscosity Values for Dilute Solutions and Calculated Molecular Weights of 82-62-ARO-l, 82-73-ARO-l, 
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Table 3. Continued 
























Relative Inherent Intrinsic Weight 



















Table 3. Continued 
Polymer Code Name 






Concen- Relative Inherent Intrinsic Weight 
tration Viscosity Viscosity Viscosity (M^) 
0.230 1.1213 0.4586 
0.227 1.1193 0.4965 
0.208 1.1171 0.5325 
0.193 1.1147 0.5639 
0.180 1.1128 0.5938 
0.169 1.1106 0.6209 
0.139 1.1085 0.6476 
0.130 1.1063 0.6735 
0.142 1.1041 0.6975 
0.133 1.1020 0.7191 
0.129 1.0998 0.7373 
0.123 1.0976 0.7572 
0.118 1.0954 0.7726 
0.113 1.0933 0.7892 
0.109 1.0916 0.7999 
0.103 1.0894 0.8114 
0.101 1.0868 0.8238 
Table 3. Continued. 
Polymer Code Name 















0.250 1.3341 1.1529 
0.227 1.3319 1.2625 
0.208 1.3297 1.3700 
0.193 1.3276 1.4683 
0.180 1.3254 1.5650 
0.169 1.3232 1.6572 
0.159 1.3210 1.7511 
0.150 1.3189 1.8452 
0.142 1.3167 1.9375 
0.135 1.3145 2.0258 
0.129 1.3102 2.0944 
0.123 1.3080 2.1831 
0.118 1.3059 2.2615 
0.113 1.3037 2.3469 
0.109 1.3015 2.4177 
0.105 1.2993 2.4939 
0.101 1.2972 2.5762 
RESULTS AND DISCUSSION 
I. Glass Transition Temperatures of Polymers 
For reliable and reproducible values of T , the interpretation of geometric 
S 
constructions superimposed on the thermogram is limited to the range of the 
transition temperatures. The thermogram of FCO-BLC-11 in Fig. 9 illustrates 
the definitions of the quantities AT , T , T AT , and T 1 . 
g g2 Sj §2 
that were used 
in the interpretation and determination of the T s. The change in the heat 
g 
capacity at T^ was calculated from the vertical distances between the 
21 27 extrapolated baseline at T . The transition width ’ of the glass transition 
g 
can be taken to be either AT = T - T =95 °C or AT = T * -T * = 147 
g g2 §i gl g2 gl 
°C and T or midpoint is 176 °C. The broader the width the better the glass 
g 
transition temperature value. T^ is then taken as the midpoint in the 
thermogram as measured from the extension of pre- and post-transition 
baselines. The heat capacity change assumes half the value of this change upon 
going through the transition. An alternate but less accurate technique of 
determining T is to use the temperature which corresponds to the first 
O 
evidence of a shift of the thermogram baseline from the pretransition baseline. 
The values obtained for T^ are dependent on the test method and on the 
program rate. The values obtained by different techniques, vary by a few 
degrees. 
The glass transition temperatures obtained for the aliphatic and aromatic 
















Fig. 9. Determination of the glass transition temperature of FCO-BLC-11 
block copolyester. 
31 
copolymers are shown in Tables 4-8, the thermograms are given in Figs. 9-11 
and Appendix 1. 
Aromatic Polyesters. No T s were observed for poly[ oxy(2-methyl-l,3- 
o 
phenylene)oxyterephthaloyl] in the thermograms for samples FCO-ARO-1, XII- 
AR and MPN-ARO-1 (App. 1.1 and Table 4, respectively). This could probably 
be attributed to high crystallinity of the polymer as a result of the symmetry 
along the polymer chain. 
Aliphatic Polyesters. No T was observed for poly [ oxy(cis,trans)-l,4- 
§ 
cyclohexyleneoxycarbonyl-trans-l,4-cyclohexylenecarbonyl ] in the 
thermograms for sample MPN-ALI-1 and XII-ALI-1 (App. 1.2 and App. 1.4 and 
Table 5, respectively). This was possibly due to high crystallinity. 
Aromatic Polyamides. The T value obtained for poly [imino(2-methyl- 
O 
1,3-phenyIene)iminoterephthaloyl ] was 75 °C. This low value is anticipated 
because of the methyl substituent and linkage at 1 and 3 positions. 
Aliphatic Polyamide. The thermogram of poly [ imino-trans-l,4-cyclo- 
hexyleneiminocarbonyl-(cis,trans)-l,4-cyclohexylenecarbonyl 1 showed a T of 
O 
90 °C while poly [ imino-trans-l,2-cyclohexyleneiminocarbonyl-trans-l,4-cyclo- 
hexylenecarbonyl ] showed no T . This could be explained by the presence of 
§ 
the cis and trans isomers in the case of ALI-2 which disturb the crystallinity. 
The resulting geometrical copolymer is relatively amorphous while ALI-3 is a 
more crystalline homopolymer. 
Block Copolymers. The T s of the block copolymers were close to those 
S 
found for the parent homopolymers. Some components exhibited multiple T s 
O 
while others showed either a single T or none. Detection of a single T in 
O O 
Table 4. Decomposition Temperatures and Melting Points of Aromatic Polyesters. 
Polymer Code Name T ,/°C T /°C d m 
Poly [oxy (2-methyl-l,3-phenylene)oxyterephthaloyl] 
FCO-ARO-1 455 280 
XI1-AR 435 313 
MPN-ARO-1 450 318 
MKT ARO-1 415 321 
Tabled. Decomposition Temperatures and Melting Points of Aliphatic Polyesters. 
Polymer Code Name T V°C T /°C 
d m 
H -O O - C \ 
O 
un c *+o - H 
Poly[ oxy(cis,trans)-l ,4-cyclohexyleneoxycarbonyl- MPN-ALI-1 360 240 
trans-1,4-cyclohexylenecarbonyl ] 
X11-A LI-1 310 271 
Table 6. Decomposition Temperatures, Glass Transition Temperatures and Melting Points of Block Co¬ 
polyesters. 
Block Copolymer Code Name T ,/°C T /°C AT /°C AT /°C T /°C 
d g g gA m' 
Poly [oxy (2-methyl-l, 3-phenylene)oxyiso- 
phthaloyl-b-oxy(2-methyl-l,3-pheny- 
lene)oxyterephthaloyl] 
FCO-BLC-1 450 176 95 
FCO-BLC-2 415 200 135 
147 320 
185 318 
Table 6. Continued. 
Block Copolymer Code Name T /°C AT /°C AT /°C g g g/ 
TnA 
Poly [oxy(cis,trans)-l ,4-cyclohexylene- MPN-BLC-1 315, 410 
oxycarbonyl-trans-1,4-cyclohexylene- 




Table 7. Decomposition Temperatures, Glass Transition Temperatures, and Melting Points of 
Aromatic and Aliphatic Polyamides. 
Polymer Code Name T ,/°C T /°C T /°C d g m 
Poly [ imino(2-methyl-l, 3-phenylene)imino- 
terephthaloyl] 82-69-ARO-2 485 75 420 
n 1 
Poly [imino-trans-1,4-cyclohexyleneimino- 
carbonyl-(cis ,trans)-l,4-cyclohexylenecarbonyl ] 82-80-ALI-2 485 90 









82-86-BLC-4 490 n 425 
Table 7. Continued. 
Polymer Code Name TJ°C T /°C T /°C d g' m 
Poly [imino-trans-1, 2-cyclohexyleneimino- 
carbonyl-trans-l ,4-cyclohexylenecarbonyl] 82-77-ALI-3 425 n 330 
n = nondetected 









1,3-phenylene )iminoterephthaloyl ] 
Temperatures and Melting Points of Block 
Code Name T ,/°C T /°C T /°C d g' nv 
82-65-BLC-2 440 160 320 $ 
82-83-BLC-3 555 78 320 
Table 8. Continued. 
Polymer 
Poly [ imino-trans-1,4-cyclohexyleneiminocarbonyl- 
(cis,trans)-l,4-cyclohexy lenecarbonyI-b-imino(2- 
methyl-l,3-phenylene)iminoterephthaloyl 1 
Poly [imino-trans-l,2-cyclohexyleneimi nocar bony 1- 
trans-l,4-cyclohexyIenecarbonyl-b-imino-l,4- 
phenyleneterephthaloyl 1 
Code Name v°c T /°C T /°C m 
82-86-BLC-4 490 n 425 
-c- 
o 
82-91-BLC-5 425, 535 n n 
Table 8. Continued. 
Polymer Code Name T ,/°C T /°C T /°C d g' m 
Poly [imino(2-methyl-l , 3-phenylene)iminotere- 82-90-BLC-6 555 78 440 
phthaloyl-b-imino-1,4-phenyleneiminotereph- 
thaloyl] 









Fig. 10. DSC thermogram of FCG-BLC-1 (a, and a^) first heating, (b^ and 62) 

















Fig-11- DSC thermogram of Dacron (a. and aj first heating, (b_ and bj 
second heating, (cj and C2) first cooling and (dj and d2) second cdoling. 
28 _ series of segmentai copolymers was noted by Krause and Roman. The block 
copolymers that showed a single T are FCO-BLC-1 (176 °C), FCO-BLC-2 (195 
g 
°C), 82-65-BLC-2 (160 °C) and 82-83-BLC-3 (78 °C). The T is characteristic 
g 
of the phase that is made largely of the soft block. 
MPN-BLC-1, XIIB, 82-86-BLC-4 and S2-91-BLC-5 showed no T s. 
g 
II. Melting Points of Polymers 
The melting temperatures were taken at the peak of the endotherm which 
corresponds to the temperature at which the last traces of crystallinity in the 
polymer disappear. The thermograms of the polymers indicating their melting 
points are shown in Figs. 9-11 and App. 1 and their values in Tables 4-8. 
Aromatic Polyesters. At a scan rate of 20 °C min"* , the thermograms 
of poly [oxy(2-methyl-l,3-phenylene)oxyterephthaloyl ] for samples FCO-ARO- 
1, XII-AR, and MPN-ARO-1 show different endoderms as illustrated in Fig. 9 
and App. 1.1 and Table 4, respectively. Such infinitesimal differences in Tm 
values for the same structural polymer prepared by different workers at 
different times are not uncommon. 
Aliphatic Polyesters. The Tm of poly [ oxy(cis,trans)-l,4-cyclohexylene- 
oxycarbonyl-trans-l,4-cyclohexylenecarbonyl ] for samples MPN-ALI-1 and XII- 
ALI-1 (App. 1.2 and App. 1.4 and Table5, respectively) ranged between 240 and 
270 °C. 
Aromatic Polyamide. The Tm value obtained for poly [ imino(2-methyl- 
1,3-phenylene)iminoterephthaloyl ] was 320 °C. 
Aliphatic Polyamides. The thermogram of 82-80-ALI-2 showed no Tm but 
that of 82-77 showed a melting transition at 330 °C. 
Block Copolymers. Multiple melting endotherms may be characteristic of 
crystalline to nematic and nematic to isotropic transitions characteristic of 
liquid crystalline polymers. The thermograms of MPN-BLC-1 (225 and 300 °C) 
and XII-B (183 and 323 °C) show what may be multiple melting endotherms. 
The following showed a single Tm: 82-65BLC-2; 82-86-BLC-4, and 82-90- 
BLC-6. 
III. Decomposition Temperatures 
The decomposition temperature is taken at the maximum peak of the 
derivative curve less 10 ° due to instrument design of two recorder pens. 
Tables ^-8 show the T^ values of the polymers. The decomposition 
temperatures for aromatic polyesters and aromatic polyamides are higher than 
those of the corresponding aliphatic polyesters and aliphatic polyamides, due to 
the stability of the benzenoid moiety. The block copolymers demonstrated 
characteristics of the aromatic and aliphatic polymers. The polyamides which 
have N-H bonds that form hydrogen bonds were found to display higher T^ than 
polyesters which lack the extensive hydrogen bonding characteristic of the 
polyamides. 
IV. Effects of Heating Rate on Melting of Block 
Copolyamides, Block Copolyesters and Polyesters 
The effect of heating rate on the position of DTA/DSC peak is well 
29 30 known. Pope, using the DSC technique, studied the effect of heating rate (10 
46 
and 80 °C min"*) on the melting of low density polyethylene crystals. 
The scanning rates were 10 and 20 °C min~*. Table 9 shows the Tm at 
different heating rates. It was found that Tm was depressed as the heating rate 
was increased. This was similar to the observation made by Pope for crystalline 
polyethylene. The peak temperature for melting was suppressed with an 
increase in the heating rate and this was attributed to the development of some 
chain orientation in the copolymers. 
V. Identification of Liquid Crystallinity of Block Copolyesters 
Polarizing optical microscopy is generally used to identify liquid crystal¬ 
linity in polymers. An exclusively optical approach to anisotropic 
31 
identification, however, can lead to an ambiguous result. Thus, the DSC 
technique is used as a valuable alternative or supplementary approach to 
32 mesogenic identification. This present scheme of mesogenic identification 
was primarily based on DSC evidence. FCO-BLC-1B and XII-B thermograms in 
Fig. 10 and App. 1.2 and Table 10,respectively, show signs of liquid crystalline 
character. 
The melting point of FCO-BLC-1B was observed at 335 °C while the onset 
of decomposition based on TGA was 450 °C. 
The important feature of the DSC scan was the complete disappearance of 
the endoderm at 335 °C on cooling and emergence on reheating of what 
appeared to be a second order transition at about 176 °C. From these results it 
was apparent that the polymer formed three dimensional order during poly¬ 
merization. On melting at 335 °C, the polymer went into the mesomorphic 
Table 9. The Effect of Heating Rate on the Melting Endotherm of XII-AR, XII-ALI-1, FCÜ-BLC-2 (modi¬ 
fied) and 82-83-BLC-3. 
Program Rate 
10 °C min ^ 20 °C min ^ 
Polymer Code Name T /°C m T /°C m 
Poly [oxy (2-methyl-l ,3-phenylene)- 
oxyterephthaloyl ] XII-AR 325 313 
Poly [oxy(cis,trans-l,4-cyclohexylene- 
oxycarbonyl-trans-1,4-cyclohexylene- 
carbonyl ] XII-ALI-1 275 271 




modified 333 330 
Poly [imino-trans-1, 4-cyclohexylene- 
carbonyl-trans-1,4-cyclohexylene- 
carbonyl-b-imino(2-methyl-l ,3- 
phenylene)iminoterephthaloyl ] 82-83-BLC-3 320 315 

















T /°C m 
Transition 
Width 
T /°C m' 
Poly [oxy(2-methyl-1,3- 
phenylene )oxyisophtha- 
loyi-b-oxy (2-methyl-l ,3- 
phenylene)oxyterephthaloyl ] FCO-BLC-1 333 
1 n n n 185 
Polyt oxy(cis,trans)-l ,4-cyclo- 
hexyleneoxycarbonyl-trans-1 ,4- 
cyclohexylenecarbonyl-b- 
oxy (2-methyl-l, 3-phenylene) 
oxyterephthaloyi ] X1IB 313 n n n 138 
Poly(ethylene terephthalate) 
PET DACRON 249 n 249 n n 
n = nondetected. 
49 
phase, which on cooling could no longer assume the original three dimensional 
order. This new phase was perhaps best described as a supercooled liquid 
crystalline state. 
The emergence of a second-order transition at 176 °C could be 
interpreted as (a) an amorphous phase distinct from the liquid crystalline phase, 
(b) an intrinsic feature of a supercooled liquid crystalline phase, or (c) an 
anomalous transition which has little physical significance. 
The fact that no high melting temperature endotherm was observed 
indicated that we were dealing with a new solid phase other than a glassy or 
32 crystalline phase namely a supercooled liquid crystalline morphology. 
Comparison with poly(ethyleneterephthalate) (DACRON) showed that PET 
did not exhibit anisotropism. The melting endoderm on first and second heating 
appeared at 249 °. The appearance of the same endoderm on second heating 
indicated that we were dealing with the crystalline state and not the liquid 
crystalline state. Figs. 10 and 11 and App. 1.12 show the transitions, and 
Table lOindicates the observed features. 
Dilute Solution Viscosity and Polymer Molecular Weight 
An adequate insight into the nature of a polymer system is gained by 
observing its behavior in dilute solution. Literature discussions usually refer to 
polymer systems in terms of inherent viscosity for solutions containing five 
33 percent polymer on a weight-to-volume basis. It has been mentioned 
previously that polymers in general with high inherent viscosities have high 
molecular weights and vice versa. 
50 
Molecular weights of polymers and block copolymers dictate their appli¬ 
cations. Low molecular weight polyethylene, for example, is used in making 
packing bags; while high molecular weight PE is utilized as a container material 
for aggressive chemicals. According to Flory for the development of an aniso¬ 
tropic phase the polymer chain must exceed a minimum axial ratio, as 
previously discussed. It is necessary, therefore, that the average molecular 
weight be great enough to satisfy this requirement. 
Using the procedures outlined in the experimental section, the inherent 
viscosity values at different dilutions were determined for the following block 
copolyamides: 82-94, 82-62, 83-30, and 82-70. The graph of concentration vs. 
inherent viscosity was plotted in Fig. 12 and App. 3.1-3.3. The inherent 
viscosity was extrapolated from the best fit straight line graph. This straight 
line was obtained by the least squares method. From the dilute viscosity 
measurements, the block copolymer intrinsic viscosity values were found. The 
results are given in Table 3. The concentrations between 0.101 and 0.123 show 
linerity (Fig. 12, App. 3.1, 3.3 and 3.5) and above these concentrations, it 
illustrate a curve (Fig. 13, App. 3.2, 3.4 and 3.5). 
A paper by Schaefgen, Foldi, Logullo, Good, Gulrich and Killian"* presents 
information regarding the relationship between solution viscosity and polymer 
molecular weight. K and values for poly(p-phenylene terephthalamide) have 
been published as calculated from the Mark-Houwink equation ([n] - (7.9 x 
10~5M L06); K = 7.9 x 10"5 and 0= 1.06. 
w 

































Fig. 13. Graph of inherent viscosity vs. concentration for 82-73-ARO-l. 
53 
VIL Calculation of Average Molecular Weight (M^) of Polymer 
A sample calculation of for 82-72-ARO-l Equation (6) is showed 
below. 
Equation (6) is reduced to its natural logarithm form as: 
in [n] Ink +alnM w 
InM In mi - Ink w a 
Substitution of the values of: 
= 6.11 
= 7.9 x lO-5 
= 1.06 
gives 









The values of M2 for other samples were similarly calculated and are shown in 
Table 3. 
CONCLUSION 
As a result of these characterizations, we have been able to establish the 
liquid crystallinity of two block copolyesters and determine the intrinsic 
viscosity and consequently the estimated molecular weights of several block 
copolyamides. Intrinsic viscosity values for polymer solutions are related to the 
molecular weight values. The highest and lowest intrinsic viscosities obtained 
were 6.11 for 82-73-ARO-l and 1.128 for 82-30-BLC-l. These gave M^s of 40, 
896 and 8,308, respectively. The glass transition, melting and decomposition 
temperatures were also determined for a number of block copolyamide and 
copolyester systems. The mesogenic properties of the block copolyamides will 
be investigated later. Therefore, our primary goal in studying block copoly¬ 
mers, which are thermally stable and thermotropic was achieved. 
34 
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Appendix 1.1. DSC thermogram of MPN-ARO-1. 
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DSC thermogram of MPN-BLC-1. 
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T/° C 
Appendix 1.4. DSC thermogram of XII-ALI-1 
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T/° C 
Appendix U. DSC thermogram of XII-AR. 
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Appendix 1.10. DSC thermogram of 82-86-BLC-4 
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Appendix 1.12. Thermogram of XII-B (a, and aJ first heating, (bj and b2) first 
cooling, (c| and c^) second cooling and (dj and ^2) second heating. 









Appendix 2.1. TGA thermogram of MPN-ALI-1. 
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Appendix 2.6. TGA thermogram of XII-B 
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Appendix 2.10. TGA thermogram of 82-69-ARO-2. 
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Appendix 2.13. TGA thermogram of 82-86-BLC-4. 
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Appendix 2.14. TGA thermogram of S2-90-BLC-6 
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Appendix 3.6. Graph of inherent viscosity vs. concentration for 82-62-ARO-l. 
